HVDC Control and operation for the integration of extremely high-RES systems with focus on permanent DC faults by Renom Estragués, Ona
M.Sc. Thesis
Master of Science in Engineering
HVDC Control And Operation For
The IntegrationOf Extremely High-RES
Systems
With Focus On Permanent DC Faults
Ona Renom Estragues
Kongens Lyngby 2019
DTU Electrical Engineering
Department of Electrical Engineering
Technical University of Denmark
Ørsteds Plads
Building 348
2800 Kongens Lyngby, Denmark
Phone +45 4525 3800
elektro@elektro.dtu.dk
www.elektro.dtu.dk
Summary
This master thesis presents the control and analysis of a DC fault on a zero inertia
offshore grid integrating multiple Voltage Source Converters. The system analyzed
consists in an offshore grid which includes two wind power plants and two offshore
converter platforms. These two offshore converter platforms are connected to two
different onshore grids through High Voltage Direct Current (HVDC) point-to-point
connections.
First, the modeling and control of Voltage Source Converters for offshore wind energy
HVDC systems are presented. Two control strategies are described for them depending
on their operating mode which can be grid-forming or grid-following.
Then, the complete model of the system, including the onshore grids, is presented.
For simulation purposes an aggregated model is used for the WPPs. Further, two control
methods for power reduction for the system to be able to perform correctly under DC
faults are proposed.
Finally, a simulation of the modelled system under a pole-to-pole DC fault on one
of the HVDC transmission links is performed and evaluated by means of time domain
simulations using Matlab Simulink®.
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Introduction
In this chapter, the background and motivation for the execution of the present master
thesis are described. Moreover, the goal sought to pursue with this work is defined.
Furthermore, the methodology followed to reach this goal is briefly explained. Finally,
the structure of the thesis, including an overview of the content of each chapter, is
presented. This content will be further developed in the next chapters.
1.1 Context and Motivation
Nowadays climate change has become one of the world’s main issues, especially due to
global warming which causes from change in the weather patterns to the rising of the
sea level. Regarding this problem and to keep global warming below 2°C, parties of the
United Nations Framework Convention on Climate Change (UNFCCC) signed the Paris
Agreement in 2015 [1], promoting, among other actions, the investment in Renewable
Energy Sources (RES) in order to replace the actual fossil fuel-based Energy Production
and reduce greenhouse gases emissions.
Within this framework, the North Seas Countries have also signed a political declaration
on energy cooperation to improve conditions for the development of offshore wind energy
[2]. Regarding this development and in order to achieve the objectives set by 2040, an
innovative solution has been proposed with the support of Dutch, Danish and German
Transmission System Operators (TSOs). This solution consists on the creation of the
North Sea Wind Power Hub (NSWPH), an artificial island located in the north sea
integrating up to 30 GW of offshore wind power generation [3], [4]. In addition to
the integration of the power of thousands of offshore Wind Turbines, this NSWPH
would have multiple connections to five different countries: Germany, Netherlands, UK,
Denmark and Norway; benefiting from an internationally coordinated roll-out scenario
which has the potential to reduce the cumulative cost of the transmission infrastructure
[5]. In order to build this North Sea Wind Power Hub several technical studies must be
carried out for the island grid and its connections to land. These studies are part of the
multiDC project, a project which goal is to develop innovative methods for the optimal
coordination of multiple HVDC lines and HVDC grids in systems with high shares of
renewables [6].
2 1 Introduction
Since this artificial island would be located in the north sea far from shore, its
connection to the different onshore grids would be based on point to point connections
using High Voltage Direct current (HVDC). Yet, the configuration of the island grid
or the hub connecting the different offshore wind power plants to the different HVDC
links to shore, can either be in HVDC or High Voltage Alternate Current (HVAC), both
presenting different challenges. In the case of an HVDC configuration for the offshore
grid, DC circuit breakers would be required to isolate DC faults, increasing the cost of the
overall system [7]. On the other hand, the use of an HVAC grid for the interconnection
of the offshore system would involve having zero inertia grid on the island, challenging
the stability of the system [8], [9].
The scope of the work included in this report is intended to be part of the multiDC
project, mentioned previously in this section, with the aim to create a small-scale
representative non-linear simulation model of the island system and in order to test
some faults and study its stability. The model will be formed by the island grid, multiple
Wind Power Plant (WPP)s and two HVDC transmission lines to shore. In addition, it
will include three different power converters: WPP converters, the offshore converters
and the onshore converters. In particular, this thesis will be focused on the impact of
having a zero inertia system on the island grid with power converters acting as generators
setting the reference voltage and frequency of it. Moreover, this thesis main objective
is to develop a control methodology to maintain the stability of the Zero inertia system
after an event of a DC fault and further disconnection of one of the HVDC transmission
lines. This control methodology will be based on power reduction of the WPP with two
main focus: reduce the generated power to the system’s maximum export capability and
to restore the connected HVDC transmission line power to its pre-fault value.
1.2 Methodology of this Thesis
This thesis will focus on the study of a permanent DC fault considering a zero inertia
system. For this purpose, a nonlinear Simulation model will be created and the Simscape
package of Matlab-Simulink®is chosen to be the Simulation Software to develop this
model. Moreover, this simulation model will be composed of different elements such as
Onshore, Offshore and wind turbine converters, transformers, lines... At the same time,
different control approaches will have to be defined in order to achieve stability and a
well-performance on the AC offshore grid under a DC fault.
Regarding the simulation model, for easier implementation of it, this model will
be split into different parts. Firstly a simulation model of each type of converter and
their different control strategies will be implemented. Each of this control strategies
will be formulated based on existing techniques found in the literature. Once the three
simulation models are working, they will be merged including other elements such as
transformers and lines. Finally, a simulation system composed of two converters of
each type, having two HVDC point to point connections to shore and two wind farms,
connected through a zero inertia offshore grid.
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Looking into the control design, first, a control strategy will be designed for each
of the three types of converters. Since the model will have an offshore grid including
multiple wind farms and transmission lines, a control approach for the power flow will
be defined. This control will be based on droops on the active power in the offshore
VSC converters. Finally, a functional model for steady state operation will be achieved.
Yet, this model will not behave properly under a DC fault case scenario.
For achieving a model suitable for testing DC faults, more control strategies will need
to be designed. First, the operating limits of the different converters need to be taken
into account. For this reason, current and voltage limiting current strategies will be
designed and incorporated in the different converter controls. Furthermore, two power
reduction control strategies will be implemented. A first control strategy will consist on
reducing the power injection of the wind turbines to the maximum export capability of
the system in order to maintain the stability once the converter limits are reached. A
second slower control strategy will be designed in order to achieve the pre-fault state by
means of power balance. Finally, both strategies will be combined.
These different control strategies will be incorporated into the model and different
simulations will be performed in order to verify if a correct behaviour is achieved during
a permanent DC fault followed by an outage of one of the transmission lines.
1.3 Structure of the Thesis
This thesis is divided in six chapters as follows:
• Chapter 2 provides a literature review about Offshore Wind Power Energy and
HVDC Technology. It presents relevant research topics for the scope of this master
thesis. It describes from the basic configuration of an Offshore Wind Power Plant
connected to shore to DC faults and its effects on the stability of AC systems.
• Chapter 3 focuses on Voltage Source Converter (VSC). First, the Averaged Voltage
Source Converter model considered for the studies is presented. Further, the three
types of Voltage Source Converters of the study system are described, detailing
the electrical configuration of the systems and their control strategies.
• Chapter 4 analyzes a communication-based control method for power reduction on
the study system formed by an offshore AC grid which integrates two Wind Power
Plants and two HVDC based transmission systems to shore. This power reduction
control is based on the principle of restoring the pre-fault equilibrium values on one
HVDC transmission links after a DC fault occurs in the other HVDC links. Firstly,
the power sharing control strategy when having two offshore VSCs connected in
parallel is introduced. Further, additional controls such as the operational limits for
the onshore converters and different protection systems are also described. Finally,
a test system is set up and these control approaches are analyzed through different
case studies.
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• Chapter 5 describes another control methodology for power reduction under a
permanent DC fault, on the same system as Chapter 4, based on the maximum
power transfer capability of the offshore converters using the AC voltage of the
offshore AC grid as a control signal. Further, the additional controls described
in Chapter 4 are also considered in this Chapter and the operational limits for
the offshore converters are introduced. Finally, studies are performed on this
methodology, including one based on the combination of this technique with the
power reduction method from Chapter 4.
• Chapter 6 summarizes the results and concludes the thesis, providing suggestions
on future work to improve the simulation model and regarding the study on this
zero inertia system.
CHAPTER 2
Offshore Wind Energy and HVDC
Technology
This chapter focuses on offshore wind energy and the current state-of-art of the technologies
considered for this master thesis. Further, the main grid connection options for offshore
Wind Power Plants (WPPs) including the NSWPH approach are described. Finally,
two VSC technologies alongside with the main impacts of a DC fault on an AC offshore
system are introduced.
2.1 Introduction to Offshore Wind Power
Plants
2.1.1 Wind Turbines Technology for WPPs
PMSG
C+
WT-MSC
Machine Side Converter
WT-GSC
Grid Side Converter
Step-up
Transformer
Figure 2.1: Permanent magnet synchronous machine with Full-scale converter Wind
turbine
Different types of Wind turbines for WPPs are described in the literature [10], [11].
However, for Offshore wind energy applications, WT with full-scale converter is broadly
used. This type of wind turbine technology also referred to as type 4 wind turbine model,
can be divided into a mechanical and electrical sub-system. The first one enfolds the
drive-train and the generator. For most applications, the generator used is a permanent
magnet synchronous generator in which, in some cases, the gearbox can be omitted
(direct-driven PMSG) [12], [13]. Further, regarding the electrical part, this type of WT
consists of a full-scale converter. As shown in 2.1, the full-scale converter is based on
a back-to-back configuration for interconnecting the mechanical part with the electrical
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grid. This back-to-back configuration couples the WT-MSC with the WT-GSC through
a DC link. This link decouples both sides in terms of frequency, voltage and reactive
power since the DC link only transmits active power.
2.1.2 Offshore WPPs connection to onshore grids
Figure 2.2 shows different offshore wind grid connection concepts described in [5] and [14].
When the distance of the WPP to mainland small (less than 80 km), the left configuration
of Figure 2.2 is selected. In this configuration, the WPP includes an offshore 220 kV
HVAC platform which is connected to the mainland through an HVAC link. Further,
when the distance to shore is increased above 100 km, HVDC technology is used to
connect the differentWPPs to the mainland. In this situation HVAC connections become
cumbersome due to reactive power compensation and reducing the active capability and
HVDC becomes a more cost-effective solution. In this case the offshore platform includes
HVDC converters.
Figure 2.2: Offshore WPPs connection to main grid
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There are two options regarded for connecting the WPPs to this offshore platform :
• connecting first the WPP to an AC collector platform that includes a step-up
transformer which steps up the voltage from a medium voltage level to voltage
level (often 150 kV). Then this AC platform is connected through a HVAC line
to the offshore platform reducing the transmission losses. This corresponds to the
second left configuration in Figure 2.2.
• connecting directly the WPP at a 33 kV or a 66 kV level to the offshore platform
creating cost benefits over the AC collector. However, this option is limited for
wind farms with a power capability inferior to 4 GW. This option corresponds to
the third configuration represented in Figure 2.2.
When having large wind farms with a power capability above 4 GW an innovative
concept consisting of transporting the power to a hub is introduced. This concept is
introduced by the NSWPH and corresponds to the configuration on the right in Figure
2.2.
2.1.2.1 North Sea Wind Power Hub Approach
DC
AC
Onshore connections
WPP
DC Ring
Denmark
Netherlands
UK
Germany
Norway
WPP
WPP
x n
(a) DC Ring
WPP
AC Ring
Denmark
Netherlands
UK
Germany
Norway
WPP
WPP
x n
DC
AC
Onshore connections
(b) AC Ring
Figure 2.3: Island Hub configurations
The North Sea Wind Power Hub consists of an artificial island connecting multiple
WPPs to different countries. This island approach can facilitate power conversion and
storage to support short and long term flexibility options to the grid and allows to
optimize the overall cost of offshore assets [4], [5].
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An AC configuration for the island grid leads to an AC ring that connects the different
WPPs with different HVDC transmission links connecting to shore as shown in Figure
2.3b is considered in this project. However,a DC configuration for the island grid derives
to having a DC ring connecting the different countries to multiple WPPs as shown in
Figure 2.3a is also an option. In the first scenario, the WPPs are connected to the
island grid through HVAC cables whereas for a DC ring, these connections are done
through HVDC. Furthermore, in the AC ring configuration, the connections to shore
are done using HVDC point-to-point connections while with a DC configuration the
case of multi-terminal DC (MTDC) grid is addressed.
2.2 VSC converters for HVDC
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(a) Two-level Voltage Source
Converter scheme
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(b) Modular Multilevel Converter scheme
Figure 2.4: Voltage source converter schemes
Voltage source converters receive this name since they act as a voltage source. These
converters allow the power transfer from AC to the DC side and vice versa. VSCs are
composed of three legs or branches (one for each AC phase) and six arms (one for each
leg). Each of these arms contains multiple insulated-gate bipolar transistors (IGBTs)
which are their turn-off and turn-off can be controlled by using PWM techniques, being
Space Vector PWM (SVPWM) the most widely used modulation Technique [15]. There
exist different types of VSC converters classified by the voltage levels the output voltage
is switched. The most common ones are:
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• Two-level VSC: This converter, shown in Figure 2.4a is the simplest type of
Voltage Source Converter [16]. Each arm of the converter is composed of multiple
IGBT connected in series which must be switched simultaneously. As the name
implies, the AC output of each phase is switched between two voltage levels: −12 Udc
and +12 Udc.
• Modular Multilevel Converter (MMC): This type of converter was first
proposed in 2003 and has become the best option for VSC converters for HVDC
[17]. In this converter, each arm is composed of multiple identical sub-modules
connected in series. These sub-modules are individually controlled and have their
own capacitive storage becoming, each of them, two-level half-bridge converters.
The series connection of the sub-module allows the AC output of each phase to
have multiple levels, being the generated AC signal wave-form similar to a sin-wave.
This implies a lower harmonic content than the Two-level VSC. One of the main
disadvantages of this type of converter relies on the complexity of its control [12],
[18]. The MMC scheme is represented in Figure 2.4b.
2.3 DC Faults in Offshore HVDC systems
The impact of DC faults on an AC offshore grid depends on the topology of the AC and
DC systems, the fault type and the employed protections [19]. Considering an HVDC
point-to-point topology, a DC fault will always imply a permanent loss of power transfer
to the onshore grid which might lead to the loss of synchronism of the offshore grid
converters and generators [19]. To avoid this situation, the maximum power injection is
defined to maintain the frequency within boundaries [19].
Furthermore, grid protection is required to minimize the DC fault impact on the
onshore and offshore networks and to minimize the stress to components [20]. For
systems with HVDC point-to-point topology, AC circuit breakers can be used instead of
DC breakers, reducing the system economic cost [7]. As described in [19], under a DC
contingency, such as a DC transmission line fault, two AC breakers are located on the
AC side of each converter terminal open, isolating the fault from both AC girds. This
operation takes from 40 to 80 ms after the fault is detected [19], [20].
At the same time, the IGBT’s of the affected converters are blocked to prevent
over-currents. In these situations, the current is now flowing through the free-wheeling
diodes as shown in Figure 2.5. Thus, the blocked converter acts as a current source to
the DC side and the remaining offshore-VSC converter is now setting the frequency of
the offshore network by itself.
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Figure 2.5: Scheme of converter blocking
CHAPTER 3
Control of VSC converters for
Offshore Wind Energy
This Chapter gives an introduction to VSCs dynamic modeling and the control strategies
used for the development of this thesis. First, the model conventions used are introduced.
Secondly, the Voltage Source converter Averaged Model is presented. Next, the different
control strategies applied in the system of study depending on the VSC operational
mode are described. The control strategies described in this Chapter are the ones used
in the Dynamic EMT simulations case studies presented later in Chapter 5.
3.1 Introduction
TheWind Generation system of WPP commonly consists of Full-converter Wind Turbine
Generators (WTGs) using Permanent Magnet Synchronous Generators (PMSG). However,
when studying large WPPs, aggregated models are often used in the dynamic simulations
for representing the dynamics of the wind turbines, reducing the size of the system [21],
[22]. Furthermore, these aggregated models neglect the mechanical behavior of the
wind turbines and the machine side converters (MSCs) substituting them by controlled
current sources.
Apart from the Wind Turbine Grid Side Converters (GSC) connecting the WT with
the offshore grid, Offshore WPPs include Offshore and Onshore VSC connected through
a point to point HVDC link. These different VSCs differ in their control approaches
depending on their operating principle and the input signals on their control system.
Based on the operating principle VSCs can be classified in grid-Following (also called
grid-supporting) or grid-Forming [23]. Under this nomenclature, the operation of the
WPP VSCs considered on this work is defined as:
• WT - GSC: operate in grid-following mode where they balance the voltage of the
DC wind turbine link and control the reactive power exchange with the offshore
grid at the LC filter.
• Onshore - VSC: operate in grid-following mode and control the DC voltage of
the HVDC link and the reactive power exchange with the main grid.
• Offshore - VSC: operate in grid-forming mode and control the AC voltage
magnitude and the frequency of the offshore grid.
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3.2 Model conventions
For the conduct of this work, transformations are applied to different quantities of the
system. These transformations have been used to simplify either the control strategy or
the mathematical and computational analysis.
Firstly, the per-unit system methodology is applied frequently to the electrical values
of the system. When these values are defined by upper case letters they correspond to the
physical quantities while when they are represented by lower case letters they correspond
to the quantities in the per-unit system. The per-unit system base values used in this
thesis are presented in Appendix A.
Furthermore, as the quantities in the stationary three-phase abc-reference frame
in an electrical AC system are not stationary but nonlinear time-variant functions, a
transformation into a synchronous reference frame (SRF) is sought. The quantities
expressed in the SRF are not time-dependent and are constant values, without an
oscillatory behavior, unless a disturbance is applied to the system. The SRF is achieved
by applying the dq0 transform, detailed in the Appendix B.1, on the different quantities
of the system. The d-axis of dq-frame is aligned with the measured voltage at the
corresponding filter capacitor and the q-axis is leading the d-axis by 90º. In this frame,
the d-component will be designated as real and the q-component as imaginary in the
complex plane (3.1), whereas the third component is always 0.
xdq = xd + jxq (3.1)
3.3 Averaged Model Voltage Source
Converter
For dynamic simulation purposes, the different types of VSC converters can be modelled
as averaged models. Several Averaged Models (AVMs) have been proposed to represent
accurately the behavior of these converters in dynamic simulations [18], [24]. Although
the averaged model of an MMC-VSC presented in [12] is more detailed, in this thesis
a less complex model is implemented for all the converters due to the number of the
converter required in the study system. The averaged model of a two-level VSC described
in [25] is used which can reproduce the dynamic performance with sufficient accuracy. In
this simplification, the AC side of the converter is represented as three ideal controlled
voltage sources, Ul, where the DC side is modelled as a controlled current source, Idc, as
shown in Figure 3.1.
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C+
PAC=PDC
UDC
IDC
Ula
Ulb
Ulc
C+
Figure 3.1: VSC converter averaged model
The controlled voltage sources of the AVMVSC are expressed as:
Ula =
1
2UrefaUDC
Ulb =
1
2UrefbUDC
Ulc =
1
2UrefcUDC
(3.2)
In which Urefa, Urefb and Urefb are the output voltages obtained from the control
system. This voltages are defined by:
Urefa = ma sin(ωt+ δ)
Urefb = mb sin(ωt+ δ − 2pi3 )
Urefc = mc sin(ωt+ δ +
2pi
3 )
(3.3)
Where δ is the phase angle of the output voltage and ma, mb, mc are the modulation
indexes of each phase, defined as the ratio between the maximum fundamental peak
phase voltage and the DC voltage.
In this averaged model the switching commutations are not represented so there is a
nonexistent harmonic content in the voltage and current value. Considering a balanced
system and neglecting the converter loses, the power from the AC side is equal to the
Power of the DC side. Under this consideration, the IDC is expressed as:
IDC =
PAC
UDC
= 12
(
UrefaIa + UrefbIb + UrefcIc
)
(3.4)
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3.4 Grid-following converter control
A basic structure of a grid-forming connected VSC and its control structure is shown
in Figure 3.2. Regarding the electrical configuration of the grid-following converters
substations, it includes an AVM VSC converter which on the AC side is connected to
the point of common coupling (PCC) through a series reactance. Often this reactance
corresponds to an AC filter, either an LC or and LCL type and is introduced to filter
the harmonic content originated at the output of the converter. For this study, an LC
filter has been considered. Additionally, a transformer can be added after the LC filter
to step up the voltage up to the grid level. On the DC side, these converter stations
include a DC capacitor to help maintain the DC voltage at the operating limits.
Further, regarding the control system, this topology is based on the well-known vector
control [15], [21]. In this control method, the dq0 transform is used in order to work with
constant magnitudes. The control structure is shown in Figure 3.2 consists on a cascade
control formed by an outer and an inner controller. The outer controller takes as an
input the measured signals of the electrical system and calculates the current references
which are given as an input to the inner controller, also called current controller and
generates the reference modulation signal for the converter.
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Figure 3.2: Schematic of cascade control for Grid-following converters
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Another important element present in the grid-following converters is the Phase-Locked
Loop. This element functionality is to synchronize the converter to the AC grid voltage
angle measured at the capacitor filter. More precisely, the PLL tracked angle is the one
used as the reference rotating angle in the dq0 Transform.
3.4.1 Onshore converter
The Onshore-VSC system and its control approach is detailed in Figure 3.3. As mentioned
before, it contains a PLL, an inner current controller and two outer controllers: a
reactive power controller and a DC voltage controller. Although there is a wide range
of techniques presented for the vector control of these converters in the literature, the
outer controllers are modelled following the methodology described in [26] whereas the
inner controller and the PLL are modelled using [27] as a reference. The different control
loops and the system differential equations are presented in the following subsections.
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Figure 3.3: Onshore-VSC control scheme
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3.4.1.1 Phase-Locked Loop
The PLL synchronizes the grid-following converters to the corresponding AC networks.
It provides an estimation of the frequency (ωPLL) and the angle (θPLL) of the grid.
The synchronization of the converter is achieved by aligning the d-axis of the internal
reference frame with the space vector of measured voltage at the capacitance filter or
the PCC (uf ).
0 PI
fuabc
ΔωPLL
LPF(s)
LPF(s)
arctan
+
+
gω
duPLL
quPLLΔθu,PLL
duf
quf
T(θ)
s
+ + ωb
θPLL
ωPLLref
εPLL
Figure 3.4: Phase Locked Loop
The PLL design used in this study is shown in Figure 3.4. This uses an inverse
tangent function on the low-pass filtered dq-components of the measured voltage at
capacitor filter (uPLLdq ) to approximate the phase angle error. Then, a PI controller is
applied to this error to estimate the frequency of the grid, ωPLL. Finally, this frequency
is converted into real quantities and integrated the obtaining the tracked grid angle,
θPLL. This procedure is described in the Laplace domain by the following equations:
ϵPLL = ∆θu,PLL = arctan
(
uPLL,q
uPLL,d
)
(3.5)
∆ωPLL =
(
kp,PLL +
ki,PLL
s
)
ϵPLL (3.6)
∆θu,PLL =
ωb
s
∆ωPLL (3.7)
ωPLL = ∆ωPLL + ωg (3.8)
∆θPLL =
ωb
s
ωPLL (3.9)
Where kp,PLL and ki,PLL are the proportional and integral gains. ∆ωPLL and ∆θu,PLL
are the angular velocity and phase angle deviation of the PLL with respect to the grid
values. Finally, ωg and ωb correspond to the reference grid and the base frequency values
respectively.
The transfer function of first order low-pass filters showed in Figure 3.4 is given by:
LPF (s) = ωLP,PLL
s+ ωLP,PLL
(3.10)
With ωLP,PLL is the cut-off frequency of the LPF.
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3.4.1.2 Inner Current Controller
The inner current control structure is shown in Figure 3.3. The objective of this controller
is to maintain the current flowing through the phase reactor, icabc, at the reference value.
For the design of the inner current controller, the differential equations of the AC system
are considered. Assuming the LC filter as an interface of the VSC and the grid, the
per-unit phase voltage and currents are given by:
lf
ωb
dicabc
dt
+ rf icabc = ucabc − ufabc (3.11)
Where ωb is the base angular frequency, lf and rf are the filter inductance and
resistance, ucabc is the output voltage of the converter, ufabc is the voltage at the filter
capacitance and icabc is the current flowing from the converter to the Filter bus.
At the same time, equation (3.11) can be expressed in the SRF using the component
form as:
lf
ωb
dicd
dt
+ rf icd − lfωPLLicq = ucd − ufd
lf
ωb
dicq
dt
+ rf icq + lfωPLLicd = ucd − ufq
(3.12)
In (3.12) it can be seen that the d-component and q-component are coupled by the
cross terms of ωPLLlf id and ωPLLlf id. However the control system requires a decoupled
control of id and iq. This is achieved by using a feed-forward controller. Using (3.13) and
substituting them in (3.12), the decoupled system in (3.14) is obtained. Once this two
components are decoupled, a conventional SRF control structure using PI controllers
can be applied to the decoupled system described in the Laplace domain by (3.15).
ucd = u
f
d − ωPLLlf iq + udd
ucq = ufq + ωPLLlf id + udq
(3.13)
udd =
lf
ωb
dicdq
dt
+ rf icdq
udq =
lf
ωb
dicq
dt
+ rf icq
(3.14)
uddq =
(
kgp,cl +
kgi,cl
s
)
· (ic,∗d − icdq) (3.15)
In (3.15) kgp,cl and kgp,cl represent the proportional and integral gains of the PI
controller, PIgcl(s), tuned using the Modulus Optimum criterion described in [28].
Finally, the output voltage reference resulting from the current controller, ucdq is
defined according to (3.16). Substituting (3.14) in (3.16) the complete expression of ucdq
(3.17) is obtained.
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ucdq = uddq + j · lf · ωPLL · icdq + ufdq − u∗AD (3.16)
ucdq = PI
g
cl(s) ·
(
ic,∗dq − icdq
)
+ j · lf · ωPLL · icdq + ufdq − u∗AD (3.17)
An additional term is added to the control structure to suppress the LC oscillations
of the filter. The oscillations are first isolated by a low-pass filter and then multiplied
by a gain. The result is the term u∗AD which is added to the reference output voltage
reference, ucdq. This active damping is described in the Laplace domain by the following
equations:
uAD = kAD(ufdq − ϕ) (3.18)
ϕ = ωAD
s+ ωAD
· ufdq (3.19)
Where ωAD is the cut-off frequency of the low pass filter.
3.4.1.3 Outer Controllers
The outer controllers are used to obtain the reference dq current values, ic,∗dq , for the inner
controller. These outer loops regulate the current reference is through the measured
voltage or power signals. This outer controller must be around ten times slower than
the inner controller to maintain the stability on the system [15]. According to the
Instantaneous Power Theory, the active and reactive per-unit power in the dq0-reference
frame is defined by [29]:
p = udid + uqiq (3.20)
q = uqid − udiq (3.21)
Furthermore, knowing that the PLL aligns the measured voltage at the filter capacitance
with the d-axis, the q-component of this voltage is equal to zero, ufq = 0.0 p.u. With
this consideration equations (3.20) and (3.21) can be simplified into:
p = ufdicd (3.22)
q = −ufdicq (3.23)
As shown in equations (3.22) and (3.23) the d-component of the current, icd, denotes
the active current and is directly related to the active power whereas the q-component,
icq, denotes the reactive current and depends on the reactive power. Thus, there is a
nonexistence coupling between the active and reactive power nor the current. For this
reason, two different outer controllers are designed:
• DC voltage controller: active power and the DC voltage of the HVDC link are
related as shown in the equations of the AVM presented in Section 3.3. For Onshore
converters, a DC controller instead of an active power controller is implemented
to avoid a rise in the DC voltage of the link in case of power imbalance.
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• Reactive power controller: maintains the reactive power at the filter bus at a
constant reference value.
Both control loops are illustrated in Figure 3.3.
Outer DC voltage Controller
The DC voltage controller of the onshore converter consists of a iac− V droop with
PI controller constituted by two control loops. First a droop control strategy on the AC
current flowing from the converter to the filter bus, icd is implemented. The result of this
operation is then added as an input signal to a DC voltage droop with a PI controller
obtaining the current reference value, ic,∗d . The equations defining this control approach
are given:
∆udroop = kdroop,dc · (ic,refd − icd) (3.24)
ic,∗d =
(
kgp,dc +
kgi,dc
s
)[
∆udroop + udc − urefdc
]
(3.25)
Where ∆udroop and kdroop,dc are the output and the droop gain of the first control loop
and kgp,dc and kgi,dc are the proportional and the integral gains of the PI controller. ic,refd
is the reference AC current value while urefdc and udc are the reference and instantaneous
DC voltages.
Outer reactive power controller
The outer reactive power controller adjusts the reactive power, q, to its reference
value, qref , using a PI controller. The reactive controller equation is formulated by:
ic,∗q =
(
kgp,q +
kgi,q
s
)(
qref − q
)
(3.26)
Here kgp,q and kgi,q are the proportional and integral gains of the reactive PI controller.
3.4.2 Wind Turbine Grid Side Converters
The Wind Turbine Aggregated model including the control scheme is presented in
Figure 3.5. As mentioned previously the WT-MSC and the wind turbine dynamics are
represented by a controlled current source in the aggregated model. Further, these types
of VSC converter substations include a transformer that steps up the voltage from each
wind turbine to the collector bus level e.g. from 0.9 kV to 33 kV. For the connection
to the onshore AC hub, another step transformer is required to step up the voltage
level to reduce transmission losses e.g. to 150 kV. Focusing on the control structure,
the WT-GSC have a similar control approach as the Onshore-VSC since both of them
operate in grid-following mode.
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Figure 3.5: Wind Turbine-Grid Side Converter control scheme
Since both types of converters include the same control strategies for the PLL, the
current controller, and the reactive power controller, previously detailed in sections
3.4.1.1, 3.4.1.2 and 3.4.1.3, their description is not included here. Nevertheless, WT-GSC
do include a different control approach for the DC voltage outer controller which is
described below.
3.4.2.1 Outer DC voltage Controller
WT-GSCs outer DC voltage control is based on the instant power theory which leads to
equation (3.22). Moreover, if the equations of the DC side of the system in Figure 3.5
are analyzed, a relation between the DC voltage, udc, and the reference active current,
ic,∗d , is obtained. The relation between these two parameters leads to the implementation
of the DC voltage controller shown in Figure 3.5. This procedure is described in the
following paragraphs.
According to Kirchhoff laws, for one node the sum of the currents flowing into that
node is equal to the sum of currents flowing out of it. The currents on the DC side node
is described as:
iwind + idc = ic (3.27)
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Where iwind is the current injected by the wind turbines, idc is the current flowing
through the converter and ic is the current through the DC capacitor.
At the same time, knowing that pdc = udcidc and that pdc = −pac, maintaining the
sign conventions from Figure 3.5, (3.27) can be reformulated as:
iwind − u
c
d
udc
icd = ic (3.28)
The term ucd
udc
can be approximated to 1 p.u. Furthermore, from differential equation
of the DC voltage capacitor (3.29) a DC voltage PI controller can be designed. This
voltage controller is defined by (3.30).
ic =
cdc
ωb
dudc
dt
(3.29)
ic =
(
kwp,q +
kwi,q
s
)
· (urefdc − udc) (3.30)
In (3.29) Cdc corresponds to the per-unit capacitance value while ωb is the base value
of the angular frequency.
Finally, substituting (3.30) in (3.28) and taken the sign conventions into account, the
outer controller expression is defined:
i∗d =
(
kwp,q +
kwi,q
s
)
· (udc − urefdc ) + iwind (3.31)
3.5 Grid-Forming converter control
Grid-forming converters operation principle is to set or control the voltage magnitude,
uref =
√
uref
2
d + u
ref2
q , and angle, θref , at the converter terminals. Generally, the voltage
magnitude is set to 1.0 p.u. while the angle value may vary from 0 rad to 2pi rad. The
grid-forming mode differs from the grid-following one essentially in lacking a PLL as a
mechanism of synchronization with the grid is not required. Different control strategies
for grid-forming converters have been presented in the literature, from droop-based and
vector control strategies to the introduction of the concept of the Virtual Synchronous
Machines (VSM). Grids that include a large number of inverted based generation without
dominant synchronous machines are considered weak and lack of inertia to stabilize the
frequency as a grid with predominant conventional based generation would do. For this
reason, the virtual synchronous machines and the concept of virtual inertia have been
introduced in the literature [30].
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Figure 3.6: Grid Forming Converter Control Scheme
In this master thesis, the control approach for grid-forming converters is based on
the control strategy described in [31]. As for the grid-following converters substations,
grid-forming substations include a capacitor on the DC side, an LC filter and a transformer
as shown in Figure 3.6. As in the grid-following converters, the voltage measured at the
AC capacitor filter is the one used as a signal on the control strategy.
Furthermore, in the Figure 3.6, the control of the Grid Forming converter is presented.
As mentioned above, there is not PLL included in the control design. Another difference
with the grid-following converters relies on the lack of vector control for the converter
control. This is due to the fact that the offshore converter is based on power synchronization
control. This control strategy aims to replicate the behavior of the power-synchronization
mechanism between two SM in which the synchronism is maintained by means of
a transient power transfer. The current involved in this power transfer is generally
unknown therefore a vector-current controller can not be included [32]. Further, the
active power output from the VSC is controlled by the power synchronization loop
(PSL) and the AC voltage by adjusting the magnitude of the voltage. Moreover, the
AC voltage control is divided into two: the Alternating-Voltage Controller (AVC) and
the Voltage control law. The expressions that define the control of the Offshore-VSC
are explained down below.
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3.5.1 Power Synchronization Loop
The Power Synchronization Loop (PSL), shown in Figure 3.6, is the control in charge
of maintaining the synchronism between the VSC and the offshore AC grid. Its control
law is defined by the following droop:
∆ωpu = kf (pref − p) (3.32)
Where pref is the reference for active power, p is the measured Power flowing to the
offshore grid, kf is the controller gain and ∆ωpu is the frequency variation and provides
the synchronism.
Finally, Adding the value of ∆ωpu obtained in (3.32) to the reference ω value of the
grid, ωref . Previous to obtaining the grid angle, since the quantities in the control system
are in per-unit, this value must be converted in real quantities. Once the conversion is
done and ω is integrated, the angle of the offshore grid, θ, is obtained. At the same time,
this angle is used in the dq0 transform.
3.5.2 Alternating-Voltage Controller
Alternating-Voltage controller (AVC) is in charge of the control of alternating-voltage
magnitude at the filter as shown in Figure 3.6. This controller is designed as an integral
giving as output the change in magnitude. Its control law is described as:
∆u = ku
s
(uf,ref − |ufabc|) (3.33)
Here uf,ref is the reference voltage magnitude measured at the filter, ufabc is the
measured voltage at the filter, ku is the integral gain and ∆u is the change in magnitude
of the VSC reference voltage.
3.5.3 Voltage-vector Control law
Finally, a voltage-vector control law is introduced in order to damp out grid-frequency
resonant poles. This law is described by:
uc,refdq = (uc,0 +∆u)−HHP (s)icdq (3.34)
Note that xdq is expressed as xdq = xd + jxq. Separating the d-components and the
q-components on (3.34),the following expression is obtained:
uc,refd = (uc,0 +∆u)−HHP (s)icd
uc,refq = −HHP (s)icq
(3.35)
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Where uc,refd and uc,refq the output of the control system, uc,0 the nominal voltage
of the converter, icd and icq is the current in dq-frame flowing to the offshore grid and
HHP (s) is a high-pass filter expressed by:
HHP (s) =
kvs
s+ αv
(3.36)
Here αv sets the limits to the resonances in the AC system and kv determines the
damping effect.
CHAPTER 4
Communication based Power
Control of a zero-inertia system
under a DC Fault
4.1 Introduction
The offshore grid of this study interconnects two WPPs with two offshore-VSC. At
the same time, these offshore-VSC transfer the generated power to two onshore grids
through HVDC point-to-point connections. Even though the control strategy for each
of the converters has been described in Sections 3.4 and 3.5, the power-sharing control
methodology when having multiple transmission systems connected in parallel has not
yet been described. This methodology is presented in this chapter.
Further, when a pole-to-pole DC fault occurs in one of the HVDC transmission lines
of the system, this line is disconnected from the rest of the system, isolating the DC
fault from the offshore grid. In this situation all the generated power is transferred to
the other transmission line and may cause a power imbalance on the system. For this
study two cases for power balance on the offshore AC hub are of main interest: a first
case where the remaining transmission line is required to return to their pre-fault power
values and a second case in which the new power balance is linked to the maximum
power capability of the offshore-VSCs. In both cases the WPPs are required to reduce
the generated power. In this chapter, the first case is studied whereas the second case
is discussed in the next chapter.
For this chapter, as in [33], only the onshore-VSCs power transfer capability is limited
due to maximum current rating of the converters an the maximum modulation index.
However, the operational limits of the offshore-VSCs are regarded in Chapter 5.
Finally, protection systems are needed to dissipate the excess of power on the system
and to isolate the DC fault from the rest of the system. These protection system are
explained in this chapter.
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4.2 Control Methodology
4.2.1 Active power sharing control of
parallel-connected VSCs
The power sharing between the different offshore-VSC converters can either be defined
by adjusting the active power set-points, pref or by changing the droop gain values, kf .
Both techniques are described in [21]. In this study the methodology of adjusting the
power using set-points has been implemented, consisting of assigning different reference
power values for each of the offshore-VSC converters while giving the same droop value
to all. These considerations for two offshore converter system are:
pref,1 ̸= pref,2
kf,1 = kf,2 = kf ̸= 0
(4.1)
Here pref,1, pref,2, are the power reference values for the 1st offshore-VSC and 2nd
offshore-VSC. kf corresponds to the ω − p droop gain.
This technique allows the power transfer between two transmission lines according to
the initial set-points of the offshore-VSCs which will be required further in the NSWPH
project. Yet, the power transfer between onshore grids is out of the scope of this study.
4.2.2 Onshore-VSC current and voltage limitation
The power transfer through the onshore-VSC converters is limited due to the converter
current ratings. If these current ratings are exceeded, the semiconductors will suffer
damage. For this reason, the current of the onshore-VSC converters is limited under the
following criteria:
i =
√
id
2 + iq2 ≤ imax (4.2)
This restriction is applied to the reference current signals, ic,∗d and ic,∗q , used in the
inner controller of the onshore-VSC converter as shown in Figure 4.1. Under both normal
operation and under a DC fault, the priority is given to the active current, ic,∗d , over the
reactive current ic,∗q . Thus, the value of the limits is given by equations (4.3) and (4.4).
imaxd = imax (4.3)
imaxq =
√
imax
2 − (¯ic,∗d )2 (4.4)
Further, the outer loops integrators are frozen to prevent windup during the fault as
illustrated in Figure 4.2[34].
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Finally, a limitation on the output voltage of the converter is introduced due to
the maximum modulation index. This modulation index described by equation (3.3) is
limited to 1.15 to not exceed the modulation index barrier p.u.[14]:
uref,k = mk ≤ 1.15 (4.5)
Where k is the three phase index a,b,c.
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4.2.3 Communication-based Control for Power
reduction
The redirection of all the power generation to one transmission line due to the outage
of the other transmission line of the system may originate an unbalance on the onshore
network and a control strategy might be requested in order to restore the power to
its pre-fault value. For that purpose, three different control approaches are defined in
this section. These different control approaches are based on the same principle: using
a control signal from the offshore-VSC to communicate the wind generation units to
reduce the power generation.
For this study three control approaches are investigated. The description of these
control proposals and their analysis are detailed in this section. First, a power reduction
approach consisting on a P controller using the DC voltage of the HVDC as a control
signal is introduced. Then, two more strategies are described which use a P controller
and a PI controller on the frequency signal to estimate the power reduction values
required for both WPPs. The control schemes of these proposals are shown in Figure
4.3.
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(a) udc − pwind P controller
offshorekred,dcwindΔptotal Δω
(b) ω − pwind P controller
+ ikpred
red
s
k ΔωtotalwindΔp offshore
(c) ω − pwind PI controller
Figure 4.3: Power reduction control strategies
Finally, since these control strategies are based on communication links between the
offshore-VSCs and the WPPs, a transmission delay is expected. Different transmissions
delays are investigated in Section 4.5.2.2 in order to observe the system behaviour. Due
to this communication delay and, in order to avoid interaction between the different
control loops of the converters, the time constant of this control approach is designed to
be slower than the outer and inner control loops of the converters.
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4.2.3.1 P controller considering a DC voltage - Power droop
udc − pwind
When the current limit of the onshore-VSC is reached, the power that can not be
transmitted to the onshore grid is stored in the DC capacitors of the HVDC link.
Consequently, the voltage of the HVDC link increases. For short faults, this excess
of power can be dissipated by using DC choppers whereas for longer faults such as the
disconnection of a line an additional controller for power reduction might be required
[35]. Under these considerations, a first control approach for the power reduction is
defined:
∆poffshore−V SC = kred,dc(udc − urefdc ) (4.6)
Where kred is the controller gain and urefdc and udc are the reference and measured
DC voltage at the onshore-VSC station capacitor. ∆poffshore−V SC corresponds to the
p.u. offshore AC power variation flowing into the remaining offshore-VSCs.
Further, neglecting the AC transmission losses, the power variation of the offshore-VSC
converter station is equal to the power variation requested by the wind generation system
(4.7). Hence, the new power reference for each of WPPs, under the consideration of equal
power reduction, is described by equation (4.8).
pwind,j = ∆poffshore−V SC (4.7)
pwind,j = prefwind,j −
∆poffshore−V SC
2 (4.8)
Here j is the index of the WT-GSCs which is comprised between: j = 1, 2; and prefwind,j
is the reference power set-point for the WPPs.
Finally, combining (4.6) and (4.8) the following expression is obtained:
∆pwind,j = prefwind,j −
∆poffshore−V SC
2
= prefwind,j −
kred(udc − urefdc )
2
(4.9)
Where the∆poffshore−V SC is directly the power variation of the remaining offshore-VSC
converter substation.
However, this control approach can not be implemented for this power reduction
strategy due to two main reasons:
• With the conditions stated, the previous controller is only active when the onshore-VSC
converter limits are reached. Thus, there is not a linear relationship between
the voltage variation of the HVDC transmission link and the total active power
variation. Instead, the existent relation is between the variation of power once the
converter reaches its limits with the DC voltage.
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• The rise of the DC voltage is not only affected by the current limitations of the
onshore-VSC current limits but also by the control strategy. This outer controller
is defined by equation (3.25). From this equation it is observed that a change on
the AC onshore current, icd, directly affects to the DC voltage of the link since the
outer loop current reference, ic,refd , is a fixed value set from an external reference.
Once the DC fault is originated the DC voltage is going to increase due to this
relation and will trigger the DC chopper if the selected droop gain is big enough.
The influence of this droop on the DC voltage magnitude is analyzed through
simulations in Section 4.5.2.3.
4.2.3.2 Proportional controller considering a frequency - Power
droop, ω − pwind
When the disconnection of one of the transmission HVDC lines occurs, since the power is
redirected to the other offshore-VSC converter station, the frequency of the AC offshore
grid rises. This happens due to the control strategy of outer controller of the grid-forming
converters described by equation (3.32). The new proposed controller is defined by:
∆poffshore−V SC = kred,f∆ωoffshore−V SC (4.10)
Where ∆poffshore−V SC and ∆ωoffshore−V SC are the variation of power and angular
frequency of the remaining offshore-VSC converter respectively. kred,f is the controller
gain which is equal to the inverse of the outer controller gain kf . Furthermore, neglecting
the transmission losses on the AC offshore and substituting equation (4.10) into equation
(4.8), the new power generation for each WPP is obtained:
pwind,j = prefwind,j −
∆poffshore−V SC
2
= prefwind,j −
kred,f∆ω
2
(4.11)
Where the∆poffshore−V SC is directly the power variation of the remaining offshore-VSC
converter substation, the index j which takes the following values: j = 1, 2 and pwind,j
and prefwind,j are the generated power and the reference power set-point of each WPP
respectively.
Conversely to the first proposal, in this case, the output of the controller is linked
to the variation of the offshore-VSC power variation from the initial reference set-point.
Thus, with this proposal, the power reduction the pre-fault power value for this converter
can be achieved. However, further studies are required to see if the power reduction value
is actually close to the desired one. This analysis are performed in Section 4.5.2.1.
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4.2.3.3 PI controller considering a frequency - Power, f − pwind
For the P controllers described earlier the wind power reduction is calculated based on
the assumption of no transmission losses on the AC network. However these transmission
losses do exist which leads to an steady state error on the wind generation power
reduction signal ∆pwind,j. Due to this error, the power balance is not going to be
restored to the pre-fault equilibrium value. For this reason, a PI controller using the
angular frequency as a control signal is now introduced as a power reduction method.
This new control approach is defined by:
∆poffshore−V SC =
(
kredp,f +
kredi,f
s
)
∆ωoffshore−V SC (4.12)
Where kredp,f and kredi,f are the proportional and integral gains of the power reduction
controller, ωoffshore−V SC corresponds to the frequency of the offshore grid and∆poffshore−V SC
is the power reduction applied to the wind turbines.
Finally, the new power generation for each WPP, pwind,j, is:
pwind,j = prefwind,j −
(
kredp,f +
kredi,f
s
)
∆ωoffshore−V SC
2 (4.13)
For the same reason as for the ω−pwind P controller, this strategy is able to estimate
the desired power reduction value. Further, this control is analyzed in Section 4.5.2.1 .
4.3 Protection systems
Two protection grid protection systems are described in this section. AC breakers are
required when a DC fault occurs to isolate it from the rest of the system while DC
choppers are used when over-voltages appear in one of the HVDC links due to an excess
of power.
4.3.1 AC breakers and converter blocking
For simplicity, as in [36], only the circuit breaker fault interruption is simulated instead of
a real converter blocking. Thus, two ACCB located at the AC sides of the fault-affected
converters open 50 ms after the fault occurs. Finally, even though the blocking of the
converters is not included, once the AC breakers are opened, the reference values for the
converters are brought to zero to avoid the currents from the DC side to keep increasing.
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4.3.2 DC Choppers
Chopper controlled resistors are used to dissipate the excess of power on the DC link.
Consequently, they limit the DC voltage rise within safe levels [37]. In this work, a
DC chopper is added near the onshore-VSC converter to dissipate the excess of power a
when the DC voltage rises above a specific value. This protection system is required as
the communication based control is not quick enough nor the wind turbines can decrease
drastically the power generated. Further, this device is modelled as an IGBT with an
anti-parallel diode as a switching device connected in series with a resistance. The size
of this resistance is estimated by:
rchop =
(udc,rated)2
prated
(4.14)
The chopper is activated using an hysteresis control strategy in which the lower limit
is set 1.01 p.u. and the upper limit is considered of 1.02 p.u. depending on the test case.
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4.4 Test system
A test system is set up to validate the control methodologies described in this chapter
with a focus on the proposed power reduction control. The test system, including the
different voltage levels, is represented in Figure 4.4. The electrical parameters of the
system are presented in Section 4.4.1.
Furthermore, WPPA and WPPB are modelled using the aggregated model shown
in Figure 4.5. These aggregated models are described in [22] and neglect the collector
system of the WPPs. Both wind farms aggregated models have an equal rated power
generation of 63 MVA for case studies I, II, III and of 94.5 MVA for case study IV.
Moreover, the DC cables are modelled using a Π equivalent while the offshore AC cables
are modelled using the Γ Section equivalent [38]. Finally, regarding the onshore AC
networks, these are modelled using a Thévenin equivalent composed by a three-phase
voltage source and a series impedance.
Finally, the control parameters considered for the simulations are described in Section
4.4.1.
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4.4.1 System Parameters
The parameters of the system used in the simulations are presented in this subsection.
First, the electrical parameters of the system are presented. Next, the control parameters
are listed.
4.4.2 Electrical Parameters
The electrical parameters of the system are listed in tables 4.1, 4.2, 4.3, 4.4 as follows:
• Onshore grid: the parameters for the Thévenin equivalent AC onshore grid are
shown in table 4.1. These values have been extracted from [26] and [39].
• Onshore-VSCs, Offshore-VSCs, HVDC lines: these two converters are sized
equal in the system. Further, their electrical parameters are listed in table 4.2 and
are extracted from [26]. However, in this study, the rated power of the converters
is 112 MVA. The maximum value for the current has been extracted from [31].
• Offshore VSC and HV cables and Power transformers: the values for
the cable parameters of the offshore 150 kV grid are taken from as [21]. The
transformer parameters have also been approximated from the values given in [21].
These values are listed in 4.3.
• Wind Generation, WT-GSCs and DC link values: the parameters of the
wind generation system are listed in table 4.4. The rated voltage and power values
and the transformer parameters, are derived from [21]. However, the p.u. values
for the LC filter are extracted from [26] and [39]. The DC link capacitance has
been derived from equation (4.15) considering a time constant, τ , of 5 ms [40].
Cdc =
2τSc,w
U2dc
(4.15)
Parameter Value unit
Rated Voltage, VLL,RMS 220 kV
Grid voltage, ug 1 p.u.
Grid inductance,Vg 0.2 p.u.
Grid resistance, rg 0.01 p.u.
Grid frequency, f 50 Hz
Table 4.1: Onshore grid parameters
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Parameter Value unit
VSC converters
Rated Power, Sc 500 MVA
Rated AC Voltage, UHV 220 kV
Rated DC voltage, Udc 400 kV
Equivalent DC Capacitor, ccdc 150 µF
Filter resistance, rf 0.003 p.u.
Filter inductance, lf 0.08 p.u.
Filter capacitance, cf 0.2 p.u.
Maximum current, imax 1.08 p.u.
HVDC Lines
Cable resistance, Rdc 0.011 Ω/km
Cable inductance, Ldc 2.615 mH/km
Cable capacitance, Cdc 0.1908 µF/km
L3 length 200 km
L4 length 200 km
Table 4.2: Onshore-VSC and Offshore-VSC parameters and HVDC lines
Parameter Value unit
HV Cable 150 kV
Rated AC Voltage, UMV 150 kV
Cable resistance, Rac 0.06 Ω/km
Cable inductance, Lac 0.44 mH/km
Cable capacitance, Cac 0.14 µF/km
Cable length WPP1 to Offshore hub AC, L1 25 km
Cable length WPP2 to Offshore AC hub, L2 25 km
Transformer 33/150 kV
Transformer Resistance, rtr1 0.12 %
Transformer Inductance ltr1 2 %
Transformer 150/220 kV
Transformer Resistance, rtr2 0.12 %
Transformer Inductance ltr2 2 %
Table 4.3: AC cables parameters and transformers parameters
Parameter Value unit
Rated Power, Sc,w 6.3 MVA
Rated AC Voltage, Uac 0.9 kV
Rated DC voltage, Udc 2 kV
Equivalent DC Capacitor, ccdc 16 mF
Transformer Resistance, rtr 0.8 %
Transformer Inductance ltr 6 %
Filter resistance, rf 0.003 p.u.
Filter inductance, lf 0.08 p.u.
Filter capacitance, cf 0.2 p.u.
Table 4.4: WT-GSCs parameters
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4.4.3 Control Parameters
The different values for the control parameters used in Onshore-VSCs, Offshore-VSCs
and WT-GSCs are listed down below in tables 4.5, 4.6 and 4.7 respectively. These values
are tuned using a trial and error method in order to obtain a good dynamic performance
as in [33]. As stated before, each pair of VSC is considered equal hence their control
parameters are the same. The control parameters for the power reduction controllers
are listed in the following Section together with the droop gain of the outer controller
of the onshore-VSCs, kgdc.
Furthermore, the active power measured signal is filtered through a LPF which time
constant is included in 4.6. The power synchronization droop value is small to limit the
frequency rise of the offshore grid.
Parameter Value unit
PLL
filter cut off frequency, ωgLP,PLL 500 p.u.
Proportional gain PLL controller, kgp,pll 0.0844 p.u.
Integral gain PLL controller, kgi,pll 4.6908 p.u.
Inner loop
Proportional gain current controller, kgp,cl 1.2732 p.u.
Integral gain current controller, kgi,cl 14.25 p.u.
Active damping gain, kgad 0.5 p.u.
udc outer loop
Considered Current droop gain controller kgdc 0.0 / 0.025 / 0.55 / 0.2 p.u.
Proportional gain udc controller, kgp,dc 1.0885 p.u.
Integral gain udc controller, kgi,dc 590.93 p.u.
q outer loop
Proportional gain reactive power controller, kgp,q 0.01 p.u.
Integral gain reactive power controller, kgi,q 897.67 p.u.
Table 4.5: Control Parameters of the Onshore-VSC Converters
Parameter Value unit
Power Synchronization loop
PSL Droop gain, kf 0.002 p.u.
Power measurement filter time constant, τp 40 ms
Alternating-Voltage controller
AVC droop gain, ku 30 p.u.
Voltage-Vector Control Law
High pass filter kv 0.2 p.u.
High pass filter αv 70 p.u.
Table 4.6: Control Parameters of the Offshore-VSC Converters
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Previous to the simulation, a Power flow is performed on the study system with
the wind generation values of each WPP as an input obtaining the initial values for
the currents, power and voltages of the system that are used as signals in the control
strategies. Moreover, the eigenvalues of the system are calculated from the small-signal
model of the system to check the stability of the system.
Parameter Value unit
PLL
filter cut off frequency, ωgLP,PLL 50 p.u.
Proportional gain PLL controller, kgp,pll 0.0084 p.u.
Integral gain PLL controller, kgi,pll 0.0469 p.u./s
Inner loop
Proportional gain current controller, kgp,cl 1.2732 p.u.
Integral gain current controller, kgi,cl 14.25 p.u./s
Active damping gain, kgad 0.5 p.u.
udc outer loop
Proportional gain udc controller, kgp,dc 1.0885 p.u.
Integral gain udc controller, kgi,dc 590.93 p.u./s
q outer loop
Proportional gain reactive power controller, kgp,q 0.01 p.u.
Integral gain reactive power controller, kgi,q 897.67 p.u.
Table 4.7: Control Parameters of the WT-GSCs
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4.5 Case studies and Results
4.5.1 Simulation specifications and case studies
The simulation model is build in Matlab-Simulink using the Simscape Power Systems
package and a simulation step of 50 mus is considered. A total time simulation of 15
s is considered. Furthermore, at t=2 s a permanent DC pole-to-pole fault is simulated
near the onshore-VSC VSC-5. 50 ms after, at t=2.05 two AC breakers situated on each
terminal of the transmission system open. At the same time, the reference values of the
two isolated converters are set to 0 to stop the controllers to keep acting.
Three test cases are introduced in this Section in order to validate the control
methodology described in this chapter:
• Case study I. On this first case study the two communication based control
strategies proposed are compared. The parameter of this controllers are listed in
table 4.8. The control parameters for each For this comparison a time delay of 200
ms is selected and a value of 0.025 p.u. is chosen as the droop gain value for the
outer loop onshore-VSC converters,kV SC5,6dc .
ω − pwind P controller ω − pwind PI controller
Parameter Value P controller Value
kωred
1
kf
= 500 kωp,red 0.5
kωi,red 500
Table 4.8: Case study I controllers values
• Case study II. Case study II studies the behaviour of the system against different
time delays for the power reduction controller. The delays considered are shown
in table 4.9. For this study, the frequency PI control methodology is chosen as a
power reduction controller. Furthermore, kV SC5,6dc is selected equal to 0.025 p.u.
Delay 1 20 ms
Delay 2 200 ms
Delay 3 500 ms
Delay 4 1000 ms
Table 4.9: Case II simulated communication delays
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• Case study III. This case study analyzes the response of the onshore converter
VSC-6 and the DC voltage of the HVDC link connecting VSC-4 and VSC-6 for
different values of kV SC5,6droop,dc comparing the results from the simulations with the
eigenvalues of the small-signal model. The values used are listed in table 4.10. For
this case study the onshore-VSC limits are disabled. Thus, these droop value are
the only contributing to the DC voltage rise.
k1dc 0.2
k2dc 0.05
k3dc 0.025
k4dc 0.0
Table 4.10: Droop values used for the case study III simulations
• Case study IV. This last case study focuses on analyzing the behaviour of the
whole system under a DC fault, implementing the control strategies and values
obtained from the three previous test cases.
Finally for the first three case studies the DC chopper upper limit is considered 1.05
p.u. whereas for the last case study this limit is reduced to 1.02 p.u.
4.5.2 Results
The simulation results are displayed in this Section and are expressed in the p.u. system
considering a base power of 112 MVA.
4.5.2.1 Case study I
The results obtained applying the different control power reduction methodologies are
shown in Figures 4.6, 4.7, 4.8 and 4.9 where the black lines correspond to the droop-based
control strategy and the grey lines represent the PI-based control strategy. Figure 4.8
shows the response of the active power flowing through the offshore converter VSC-4. It
is seen that when the fault occurs the current increases since this converter is absorbing
the power that was being transferred through the disconnected transmission line. At
the same time, due to this rise of power, the frequency of the offshore grid increases up
to 50.05 Hz approximately as shown in Figure 4.7. It is this change of frequency what
triggers the power reduction strategies. In figures 4.7 and 4.8 it can be seen that by
using the PI-based control strategy, this values are restored to the pre-fault quantities
approximately 2 seconds after the fault is originated whereas by using the droop-based
strategy the pre-fault values are not achieved.
Furthermore, in Figure 4.6 the power reduction applied to the WPPB is shown. It
is noticeable that the desired power reduction, shown in red, is only achieved by using
the PI-based control.
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Hence there are some oscillations present in the droop control, other droop gains
have been studied and are shown in Figure 4.10. Here it is seen that the increase of the
gain generates more oscillations on the frequency response and on the whole system. As
stated in [35] this may occur because the control action is too aggressive and the optimal
gain selection should be done using, for example, the Nyquist criteria. Nevertheless, since
the desired power reduction is not obtained with this controller, no further studies on
the droop-based strategy are performed.
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Figure 4.10: Offshore frequency for different kdroop values
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4.5.2.2 Case study II
The results comparing different communication delays for the power reduction strategy
are shown in figures 4.11, 4.12 and 4.13. Firstly, in Figure 4.11 the response of the
current injection from the wind turbines of WPPB is represented. Up to a delay of 200
ms the current response can be considered of first order. For a delay equal to 500 ms this
response shows a slight oscillatory behaviour, but the steady state is reached at the same
time as lower delays. However for a delay of 1s, the oscillations on the system increase
reaching the onshore VSC-6 operational limits as seen in figures 4.12 and 4.13. Further,
in Figure 4.12 this behaviour is shown on the frequency response, limiting it around
50.3 Hz while in 4.13 the first oscillation of the active power of the offshore VSC-4 is
curtailed around 1.08 p.u. Finally, to verify the onshore VSC-6 operational limits are
reached, the active and reactive current injected to the grid are shown in Figure 4.14.
It is seen that these limits are reached as soon as the power reduction control is applied
to the wind generation system and that the active current is limited to 1.08 p.u. while
the reactive current is 0 p.u.
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Figure 4.11: DC current injection of WPPB, iwind
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4.5.2.3 Case study III
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Figure 4.15: Representation of the system eigenvalues for different values of kdc
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Figure 4.15 illustrates the different eigenvalues of the system for the four current
droops considered. k1dc and k2dc present better damped eigenvalues than k3dc and k4dc.
Further, for k4dc the less damped poles are closer to the real axis which may lead to
instabilities on the system. Thus, from the eigenvalue analysis k1dc and k2dc seem the best
option for the system response. However, as stated before, this droop affects directly to
the DC voltage rise of VSC-6 which may lead to the activation of the DC chopper. For
instance, in 5.5a this activation is shown for k1dc and consequently, the current injection
to the AC onshore grid is limited to 0.8 p.u. In this scenario the power export capability
of the converter is limited due to activation of the DC chopper and not to the operational
limits of the converter VSC-6. Further, if this droop control is disabled, kdc = 0, the
system response presents an oscillatory behaviour and does not reach an equilibrium
point. Thus, k1dc and k4dc are forsaken.
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Figure 4.16: VSC-6 measured DC voltage
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Figure 4.17: Active current, id through the series reactance VSC-6
Finally, the gains k2dc and k3dc are analyzed. Although with k2dc the system presents a
less oscillatory behaviour, if the activation of the DC voltage is reduced to 1.02 p.u., this
gain would activate the chopper action. On the other hand, with a droop value equal to
k3dc the response of the system presents a peak when the fault is produced and the AC
breakers open, but it is quickly mitigated and the pre-fault state is reached smoothly at
the same time as k1dc and k2dc. Besides, looking at the DC voltage, Figure 5.5a, the raise
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using this droop value is low and does not activate the DC chopper even considering
an upper limit of 1.02 p.u. Hence, k3dc is selected as the current gain for the rest of the
studies.
4.5.2.4 Case study IV
Figure 4.18 show the response on the DC components of VSC-1 for a DC fault on
one of the HVDC transmission systems to shore. Figure 4.18a shows the DC voltage
whereas in Figure 4.18b the DC current injection is represented. The moment the ACCB
open, the DC voltage decreases for an instant, creating a small peak on the DC current.
Furthermore, the communication-based control is applied after hundreds of ms reducing
the wind power injection to half (0.42 p.u.).
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Figure 4.18: DC fault scenario response of WPPA VSC-1
Furthermore, the response of the remaining HVDC transmission system is shown in
Figure 4.19. When the ACCB open 50 ms after the fault is originated, the active power
of this transmission system increases as represented in 4.19a. Alongside, the onshore
VSC-6 active power is limited to 1.08 p.u. due to the converter operational limits until
the power reduction control is applied. On the other side, the offshore VSC-4 converter
power is doubled at the fault incident. Looking into the active current of VSC-4, its
value increases after the DC fault to compensate the outage of the transmission line.
Furthermore, observing the active power of the offshore VSC-4, this remains above 1.5
p.u. before the control action is applied decreasing it to pre-fault value.
Regarding the AC voltage, its value remains close to 1 p.u. not exceeding the
modulation index of 1.15 p.u. as shown in Figure 4.19b. Moreover, in Figure 4.19c
the response of voltage of the HVDC link is illustrated. When this voltage rises up
to 1.02 p.u the DC chopper activates evacuating the excess of energy until its lower
limit of 1.01 p.u. is reached. Consequently there is DC voltage fluctuations until power
reduction control acts. Finally, the increase of the offshore AC grid frequency when the
AC breakers open and its decrease to pre-fault value are shown in Figure 4.19d.
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Figure 4.19: DC fault scenario response of the connected HVDC transmission system
involving VSC-4 and VSC-6
The response of the HVDC system in where the fault is originated is shown in Figure
4.20. When the disconnection of the transmission system occurs, the active power of
converters VSC-3 and VSC-5 quickly decreases to 0 p.u. as shown in 4.20a. The reactive
power of VSC-5 is not equal to zero since the power measurement is done at the grid
reactance instead of the filter reactance of the converter in where this power is 0 p.u.
Finally analyzing the response of the DC components in where the DC fault is
originated, it is seen in 4.20b that when the pole-to-pole fault occurs at t=3s, the voltage
drastically decreases to 0 p.u. On the other hand, as shown in Figure 4.20c the current
increases drastically to peak value of approximately 14.5 p.u. This value is decreased to
0 as soon as the fault is isolated opening the AC breakers and the reference values for
the controller of both VSC-3 and VSC-5 are set to 0.
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Figure 4.20: DC fault scenario response of the disconnected HVDC transmission
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CHAPTER 5
DC Fault analysis of a zero-inertia
system under power constraints
This Chapter focuses on a control approach power reduction without communication
and the offshore zero inertia system behavior when a permanent DC fault is originated.
First, an introduction to the requirements of this non-communication control approach
is presented. The current and voltage limitations regarding the converter operational
limits are also described in this chapter. Furthermore, the proposed power reduction
method for the wind turbines to the maximum export capability of the offshore-VSC is
defined. Finally, this control strategy is validated through a nonlinear simulation of a
case study system adding another case study considering the power reduction control
described in Chapter 4.
5.1 Introduction
While in Chapter 4 the objective was to restore the power the remaining HVDC line
after the DC fault occurrence to its pre-fault value, in this Chapter maximizing the
power export is prioritized. To achieve this objective a control approach focused on the
maximum power export capability of the remaining HVDC line needs to be derived.
Further, in Chapter 4 only the onshore-VSC limits were considered and it was seen
that the offshore-VSC active power value reached high values for one of the simulations
until the power reduction control was effective. This power value may lead to a current
value above the maximum current that the IGBT can safely turn off which is typically
twice as the continuous conducting current [20]. To guarantee a safe operation of the
system, the offshore-VSC operational limits must also be considered.
When considering the offshore-VSC operational limits, the offshore AC network
power is unbalanced as soon as the current limits of this converter are reached. Furthermore,
during a power imbalance, the offshore grid causes and impact on the offshore frequency
and may lead to the loss of synchronism of the power converters and the system fail.
Thus, the control strategy is required to act quickly and reduce the power generation of
the WPP. Under these considerations, the power reduction strategy to pre-fault values
described in Chapter 4 is no longer valid. An additional control is required on the
system to maintain its stability until the communication-based control . For this reason,
in this thesis, the control strategy from Chapter 4 is combined with the power reduction
strategy to maximum export power capability described in this chapter.
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5.2 Control Methodology
5.2.1 Offshore-VSC current limitations
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Grid-forming converters have a different control strategy that grid-following converters
as described in Section 3.5. The control approach explained previously does not include
a current loop nor current limitations. However, for the fault case scenario where the
current rises, current limits must be included to guarantee the safety operation of the
HVDC converter. These limits are included adding a Current-Limitation Controller
(CLC) on the existent offshore-VSC control strategy as shown in 5.1. The design of this
control is based on [31].
The CLC the block representation of this controller is illustrated in Figure 5.2. The
current reference control is given by equations (5.1).
ic,refdq =
ωb
αclc
[ucdq − ufdq − jωlf icdq] + icdq
= ωb
αclc
[uc,0 +∆u−HHP (s)icdq − ufdq − jωlf icdq] + icdq
(5.1)
Where ic,ref and icdq are the reference and real current flowing through the series
reactance of the converter respectively. αc is the desired closed-loop bandwidth of the
current control, ufdq is the voltage measured at the filter capacitance. ∆u corresponds
to the output of the AVC and ω and lf are the per-unit frequency of the grid and the
filter inductance of the converter.
The output of this block corresponds to the reference current which module is limited
between imax and −imax. As the DC fault implies a rise in the voltage when the current
limit trigger, the active current is prioritized over the reactive current. Thus, the active
and reactive current maximum values, imaxd and imaxd , are expressed as:
imaxd = imax (5.2)
imaxq =
√
imax
2 − (ˆic,refd )
2 (5.3)
Where iˆc,refd is the limited reference active current.
Finally, the limited current is introduced to the voltage control block to obtain the
reference voltage value, uˆrefdq , which is defined by the following expression:
uˆrefdq =
αclf
ωb
(ic,refdq − icdq) + jωlf icdq + icdq + ufdq (5.4)
Note that when the current limit is not reached, the voltage reference is defined by
equation (3.34).
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5.2.2 Power reduction strategy to maximum export
capability
During the DC fault occurrence all the power is transferred to the other offshore-VSC
converter and the frequency of the offshore grid, imposed now by this remaining offshore-VSC,
increases. However, the change in the frequency is slow due to the LPF introduced in
the active power measurement. If used as a control signal this signal would lead to the
instability of the system as soon as the power unbalanced is generated.
Another variable that can be used as a signal is the AC voltage variation. If the
voltage reference at the offshore-VSC terminal is increased, the voltage of the AC offshore
network increases and consequently, a voltage rise is observed in the filter capacitor of
the WT-GSC systems. Hence its measurement does not include a low-pass filter, the
system response is quick. Thus, the AC voltage is used as a control signal for power
reduction.
Furthermore, the power reduction control needs to be quick. Thus, in this Chapter
it is designed at the WPP level, becoming a local level control and not requiring a
communication link between the offshore-VSC and the Wind Power Plant (WPP) which
would add a delay on control signals of the system.
First, an additional control strategy on the offshore-VSC is added to step up the AC
voltage of the offshore grid when the power export reaches its limits. This additional
control is represented in Figure 5.3. Its output, ∆uf,ref is added to the reference AC
voltage magnitude becoming a new input to the Alternating-Voltage controller. The
AVC is now defined by equation (5.5). This additional term, ∆uf,ref , is only active
when the current flowing through the series reactance of the offshore-VSC is above 1 p.u.
and not less than 0.9 p.u. Under this condition, the value for ∆uf,ref is given by (5.6).
Furthermore, a saturation block is added to ∆uf,ref to avoid reaching the maximum
voltage which is limited due to the maximum modulation index.
∆u = ku
s
(uf,ref +∆uf,ref − |ufabc|) (5.5)
∆uf,ref = kupr(plimoffshore−vsc − prefwind) (5.6)
Where prefwind is the total reference power generated by all WPPs. plimoffshore−vsc corresponds
to the maximum active power value that the offshore-VSC sytem can transfer. kupr is
the gain value which is chosen in order to have a ∆uf,ref equal to 0.1 when the total
wind generation active power is 1.2 p.u.
Finally, the new controller for active power reduction for each WPP is defined by
equation (5.7) and represented in Figure 5.4.
predwind,i = kupr2(u
f,ref
d − ufd) (5.7)
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Here, kupr2 is the droop gain of the power reduction controller which is equal to:
kupr2 =
1
2kupr
(5.8)
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Figure 5.3: Additional power-voltage controller for offshore-VSC system
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Figure 5.4: Active power reduction to maximum export capability control strategy
However, the voltage rise of the AC offshore grid is also affected by the current
limitation of the offshore-VSC. To avoid triggering the modulation index, the voltage
reference set-points at the filter capacitance of two WT-GSCs is set to 0.95 p.u.
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5.3 Test systems
To demonstrate the performance of the proposed control methodologies as well as the
control methodologies explained in the previous chapter during a permanent DC fault,
two test systems are set up. Here, both systems have the same configuration and
values as the test system introduced in Chapter 4, which is illustrated in Figure 4.4.
Further, their electrical and control parameters are listed on the tables from Section
4.4.1. However, the control parameters required for the control strategies introduced in
this chapter are listed in Table 5.1.
Parameter Value unit
Controller gains
kupr 0.833 p.u.
kupr2 0.6 p.u.
prefwind 0.6 p.u.
Limits
Power limitation, plim 1.08 p.u.
Current limitation, imax 1.08 p.u.
Hysteresis cycle upper limit of additional voltage controller 0.99 p.u.
Hysteresis cycle lower limit of additional voltage controller 0.9 p.u.
Table 5.1: Control Parameters of the power reduction controllers
Furthermore, both test systems differ in their rated power generation. For the first
one, the aggregated power of each WPP is considered of 63 MVA. For the second test
system, this power increased to 69.5 MVA.
5.4 Case Study and Results
5.4.1 Case studies
For this study, the simulation models are also built in Matlab-Simulink using the
Simscape Power Systems package. A simulation time step of 50 mus is considered while
the total simulation time is 15 s. Furthermore, at t=2 s a permanent DC pole-to-pole
fault is simulated near the onshore-VSC VSC-5. 50 ms after, at t=2.05 s, the two ACCB
open isolating the fault while the reference values of the isolated converters are set to 0.
Moreover, after the fault occurrence, the export power capability of the systems is
reduced to 112 MVA. For the first system, this implies that the 89 % (126 MVA power
generation) of the power generated can be exported through the remaining transmission
line. For the second test system, the 80 % (139 MVA power generation) of the total
generated power can be transferred to the onshore grid.
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Finally, the two case studies analyzed are:
• Case study I: this first case study analyzes the behavior of the current limitations
and the power reduction control for maximum power export capability presented
in this chapter on both test systems.
• Case study II: this second case study focuses on including the communication-based
power reduction control strategy defined in Chapter 4 to the model from case study
I to validate the behavior of the two control strategies together. For this case study,
the second test system with a total generated power of 139 MVA is considered.
5.4.2 Results
For this chapter, only the AC offshore grid and the remaining transmission line results
are analyzed. The HVDC isolated system results have been already discussed in the
previous chapter.
5.4.2.1 Case study I
Figure 5.5 shows the DC current injection and active voltage response of WPPB. It is
seen that when the ACCB opens, there is a peak in the AC voltage and that the power
reduction control acts immediately reducing the current injection. Further, it can be
observed that the active voltage rises as the power reduction control activates.
The voltage rise due to the additional control for power reduction is also observed
on the offshore-VSC-4 voltage response in Figure 5.6. Moreover, the response of the
active power of VSC-4 is also represented in this figure. This magnitude has a peak
when the ACCB open. However, this value is reduced to the power limitation value and
the system is stable.
The responses of the active power and the active voltage of onshore-VSC-6 are
displayed in Figure 5.7. Both components present oscillations due since the current
limitation of the converter are reached.
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Figure 5.5: Case study I WPPB response of DC fault
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Figure 5.6: Case study I VSC-4 response of DC fault
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Figure 5.7: Case study I VSC-6 response of DC fault
However, this power reduction control approach has limitations. First, the minimum
voltage variation for the control to start acting is set to 0.02 p.u. Hence, the control
strategy is not detecting lower variation values. Furthermore, the reference voltage
variation, ∆uf,ref , depends on the difference between the total generated power and the
maximum power capability of the offshore-VSC and is limited to 0.14 p.u., which limits
the maximum wind generation power of each WPP to lower values around 0.65 p.u.
(considering 112 MVA as a base value). Thus, further studies need to be performed and
evaluated regarding this control approach.
5.4.2.2 Case study II
Figure 5.8 shows the response of the DC current injection and the active power of WPPB.
By combining both power reduction strategies, the wind generation units start reducing
their power injection immediately after the ACCBs open, maintaining the stability of
the offshore AC grid.
The response of the active power and active voltage of the offshore-VSC-4 and the
the onshore-VSC-6 are illustrated in Figure 5.9 and Figure 5.10 respectively. The active
power is first reduced to the maximum export capability while the active AC voltage is
increased. Then, the communication-based power reduction decreases the active power
to the pre-fault values as well as decreasing the active power.
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The DC voltage of the HVDC link is shown in Figure 5.11. It is seen that this voltage
never rises above 1.02. Thus, the action of the DC chopper is not required.
The small oscillations observed between t = 2.05 s and t = 3 s in the different figures
are due to the activation and deactivation of the power reduction control strategy for
maximum export capability.
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Figure 5.8: Case study II WPPB response of DC fault
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Figure 5.9: Case study II VSC-4 response of DC fault
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Figure 5.10: Case study II VSC-6 response of DC fault
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Figure 5.11: Case study II HVDC transmission line voltage response under DC fault
CHAPTER 6
Conclusion
This thesis has introduced a simplified model of an offshore AC grid for connecting
two WPPs to two onshore grids through HVDC transmission lines. Moreover, the
development of two control strategies for maintaining the stability of the system while
reducing the power generation under a permanent pole-to-pole DC fault in one of the
HVDC links have been presented.
From the communication-based power reduction method for restoring the
HVDC link power to its pre-fault value the main conclusions have been:
• The frequency can be used as a signal for power reduction while the DC voltage of
the HVDC has been discarded. Furthermore, the desired power reduction is only
achieved after a few seconds by implementing a PI controller on this signal.
• The DC chopper of the HVDC may be activated due to the control action of the
onshore-VSC outer controller. In this situation, the export power capability is
reduced under the converter’s power capability.
• By neglecting the limits of the offshore-VSC converter, in some situations, the
current through this converter’s IGBTs may rise above safety operation levels. For
this reason, the offshore and onshore converters need to be over-sized compared to
the WPP converters, being the size of the offshore converters close to two times
the size of the WPP converters.
Finally, from the power reduction method to themaximum power export capability
of the system, the conclusions have been:
• This control implementation has been verified for two different generation power
values and the power through the offshore-VSC corresponds to the maximum
permitted based on the limitations.
• Combining this power reduction method with the communication-based method,
the system remains stable and the current through the offshore-VSC stays within
safety levels after the fault occurs. Further, the power of the HVDC system is
restored to the pre-fault values.
• A minimal oversize of 1.6 p.u. of the onshore and offshore converters with respect
to the wind generation units achieved.
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6.1 Future Work
The main Future lines of work proposed are:
• Increase the number of HVDC point to point connections from the Offshore grid
to the different mainlands by 3, representing each a link to every country involved
in the NSWPH.
• Update the parameter values of different elements of the system to the real system
values and increase the power ratings of the VSC converters.
• Include the collector system of the Wind Power Plants in the aggregated model
for more accuracy.
However work proposals include:
• Implement a DC fault with fault clearance and system restoration on the affected
transmission line.
• Include Battery Energy Storage Systems (BESS) or other topologies of energy
storage systems in the offshore grid.
APPENDIX A
Per Unit System
The per unit system (pu system) is a methodology broadly used in Electrical Engineering.
The p.u system expresses the system real quantities as fractions of a defined base unit
quantities as (A.1):
p.u. value = value of a quantity in physical unitBase value in same unit (A.1)
With this method, the magnitude order of the different quantities is close to one,
becoming a better conditioning of numerical computations. Two different per unit
systems have been used in this work, one for obtaining the p.u. values of the parameters
of the electrical circuit and the other one for the measurement signals used in the different
VSC controls.
A.1 Electrical circuit parameters
The conversion of the parameters of the electrical circuit to per unit magnitudes is
achieved by choosing 3 base quantities. After defining this three quantities, the rest of
the base values are obtained. In this case the based quantities chosen are the base power,
voltage and angular frequency. In table A.1 the calculation of the p.u. value is shown.
Furthermore, as a base angular frequency is chosen instead of a base time. With this
choice the pu value of the reactance is equal to the p.u. value of the inductance:
xpu =
Xreal
Zb
= ωnLreal
ωbLb
= Lreal
Lb
= lpu (A.2)
While converting in pu dynamic equations, since time is kept in seconds, a multiplying
factor of 1
ωb
will appear in front of the derivation operator.
Thus is usual for an electrical system to have different voltage levels and different
power ratings, a common base power is defined. This base power commonly corresponds
to the maximum rated power value of the electrical system or, otherwise, it is chosen
equal to 1000 MVA. Yet, there is as much base voltages as voltage levels in the circuit.
For transformers the p.u. magnitudes are referred to the high voltage level. In this work,
the base values for voltage, power and angular frequency are:
Sb = Srated,max = 112 MVA
Vb = 0.9 / 33 / 110 / 220 kV
ωb = ωn = 2pi50 rad/s
(A.3)
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Parameter Value
Base angular frequency, ωb ωn
Base Power, Sb Srated,max
Base Voltage,Vb
√
2
3VLL,RMS
Base Current, Ib Sb√3VLL,RMS
Base impedance, Zb VbIb
Base admittance, Yb 1Zb
Base inductance, Lb Zbωb
Base capacitance, Cb Ybωb
Table A.1: Base values of the AC system
Nevertheless, the p.u. parameters listed on the different tables of Section 4.4.1 are
referred to the component ratings.
Finally, referring to the DC system, its base values calculations are shown in table
A.2. Here, the base power value is equal to the AC base power value while the DC base
voltage corresponds to the rated DC voltage. The base values for the DC inductance and
capacitance are calculated using the same base frequency as the ac system, obtaining
high values.
Parameter Value
Base angular frequency, ωb ωgn
Base Power, Sbdc Sb
Base Voltage,Vbdc Vdc
Base Current, Ibdc Sbdc/Vbdc
Base impedance, Zbdc VbIb
Base admittance, Ybdc 1Zb
Base inductance, Lbdc Zbωb
Base capacitance, Cbdc Ybωb
Table A.2: Base values of the DC system
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A.2 Control signal
For the measurement signals, inputs of the different control systems, is interesting to
use the peak values of the line to line voltage and the line current as the base values as
shown in table A.2. For the dc side these values are calculated as shown in A.2.
Parameter Value
Base angular frequency, ωb ωn
Base Voltage,Vb
√
2
3VLL,RMS
Base Current, Ib
√
2IRMS
Base Power, Sb
√
3VLL,RMS
√
2IRMS
Table A.3: Base values of the AC system
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APPENDIX B
Mathematical Transformations
In this appendix the Mathematical Transformations used for the implementation and
control the different controllers for the different power converters are explained. First,
The dq0 Transform is introduced, followed by the Clarke Transform.
B.1 dq0 Transform
The dq0 Transform (also known as the Park transformation) is a transformation of the
vector xabc in the stationary abc-reference frame into the synchronous dq0-reference frame
vector xdq0 [41]. Since the dq0-reference frame is a projection of the phase quantities
onto a two-axis rotating frame, the quantities of the xdq0 vector are constant and lack
the oscillatory behaviour present in the vector xabc . This transformation is given by
(B.1): xdxq
x0
 = Tdq0(θ)
xaxb
xc
 (B.1)
Where the transformation matrix, Tdq0, is defined as (B.2):
Tdq0(θ) =
2
3
 cos(θ) cos(θ − 2pi/3) cos(θ + 2pi/3)− sin(θ) − sin(θ − 2pi/3) − sin(θ + 2pi/3)
1
2
1
2
1
2
 (B.2)
The inverse process can also be done using equation (B.3). With this operation, a
transformation from the dq0-reference frame to the abc-reference frame is obtained. The
transformation matrix, T−1dq0 is shown in (B.4)xaxb
xc
 = T−1dq0(θ)
xdxq
x0
 (B.3)
T−1dq0(θ) =
 cos(θ) − sin(ωt) 1cos(θ − 2pi/3) − sin(ωt− 2pi/3) 1
cos(θ + 2pi/3) − sin(ωt+ 2pi/3) 1
 (B.4)
This transformation can be derived applying a rotation of θ to stationary to axis
reference frame obtained which results from the well-known Clarke transformation(also
named alpha-beta transformation). This transformation is shown in the B.2 Clarke
Transform.
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B.2 Clarke Transform
The Clarke Transform (also known as the αβ0 transform) is a space vector transformation
of the vector xabc in the stationary three-phase abc-reference frame into the stationary
two-phase αβ0-reference frame vector xαβ0 [42]. This transform is given by B.5:xαxβ
x0
 = Tαβ0
xaxb
xc
 (B.5)
Where transformation matrix Tαβ0 is B.6:
Tαβ0 =
2
3
1 −
1
2 −12
0 −
√
3
2
√
3
21
2
1
2
1
2
 (B.6)
As in the dq0 Transform, the inverse operation can be applied B.7. In this case the
inverse transform matrix is B.8. xaxb
xc
 = Tαβ0
xαxβ
x0
 (B.7)
T−1αβ0 =

1 0 1
−12
√
3
2 1
−12 −
√
3
2 1
 (B.8)
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